Abstract: Vegetation on the streambed increases the total resistance but decreases the bed shear stress. However, when the drag force term is not separated from the resistance term in the momentum equation, increasing the roughness coefficient due to vegetation may result in increasing the bed shear stress. This is not realistic and crucial to the accurate assess ment of sediment transported in the vegetated zone. This paper presents a 1D model for the simulation of flow and sediment transport in the emerging vegetated zone. The model consists of depth-averaged equations of continuity, momentum, turbulent kinetic energy, and its dissipation rate. The suspended load and bedload are estimated, and the bed elevation change is computed by solving the Exner's equation. The model is validated through com parisons with experimental observations. Then, the model is applied to predict the morpho logical change of the emerging vegetated zone in response to the flood. The developed model can be used to the management of vegetated islands within watercourse made natu rally which are important to river restoration projects nowadays.
Introduction
Presence of vegetation in the watercourse increases the resistance but reduces the bottom shear stress (Tsujimoto 1999) . This is important to the prediction of sediment transport in the vegetated zone. However, a common way of reflecting vegetation in hydraulic computations is just to increase the roughness coefficient without including the term due to drag force in the momentum equation. For example, the classic textbook by Chow (1959) proposes values of where U is the mean velocity, h is the flow depth, and C" is the unit conversion factor [L1/2Th-1] (Yen 1992) . From
Eq.
(1), it can be seen that increasing the roughness will result in increasing the bottom shear stress. This is not realistic and the sediment load transported by the vegetated stream tends to be over-estimated.
In the present paper, a 1D model is proposed to investigate the sediment transport in the emerging vegetated zone.
The model consists of the depth-averaged continuity and momentum equations together with the depth-averaged ics turbulence closure. The suspended load is estimated by solving the transport equation for suspended sediment, and the bedload is estimated by Ashida-Michiue's formula.
Then, the bed sediment conservation equation, or known as the Exner's equation, is solved to estimate the bed elevation change in the vegetated zone.
Currently, the naturally-made island within watercourse draws attention in that the island is very important to the preservation of a sound ecosystem for aquatic habitats (see Fig. 1 ). The island may be created by the deposition from sediment-laden flows during the recessing period of the floods. Vegetation grows on the bed and the island starts to serve various clients of the stream ecosystem. Therefore, the island within watercourse is a key item to be considered in the river restoration projects. However, it is not certain how the island behaves during the floods or high water season. In the present paper, the 1D model is used to study hydraulic and morphological changes of a vegetative island within watercourse in response to the flood. It is assumed that the vegetated zone is so wide that the momentum transfer in the transverse direction can be ignored. That is, the flows in the channelized route which may be made around the vegetated zone are ignored.
Averaging schemes
Open-channel flows through and above vegetation present new challenges due to the 3-D nature of the turbulence (Lopez and Garcia 2001) . Reflecting individual vegetation in the numerical computation is almost impossible although vegetation is assumed to be rigid. However, the averaging technique enables one to bypass this problem. That is, the spatial averaging introduces the drag force term due to vege- tation in the momentum equation (Shimizu and Tsujimoto 1994 ). Raupach and Shaw (1982) proposed two schemes, which transform the 3-D problem into a 1-D framework by averaging the conservation equations spatially as well as temporally. In the followings, the angle brackets and the overbars denote horizontal and temporal averages, respectively, and double and single primes indicate spatial and temporal fluctuations from their corresponding mean values, respectively.
The scheme I averages the governing equations only in the space. This scheme leads to
where<ui> is the spatial mean velocity in the i-direction, in which D is the cylinder diameter and Ah is the bed area .
In regards to the drag coefficient of submerged vegetation , Dunn (1996) observed through laboratory experiments that the value of CD for rigid cylinders varies with distance from depth, and it reaches a maximum value at a distance close to one third of the cylinder height. Dunn found a mean value of CD=1.13, which is used in the present computation .
For regularly-arrayed plants , because the extent of the averaging plane of scheme I is much larger than in scheme II, it can be obtained that <ui>=<ui> and <p>=<p> (Lopez and Garcia 1997) . Thus, from Eqs . (2) and (3), the total Reynolds stress can be written as
The Reynolds stresses due to spatially fluctuating velocities, < uiuj> , have not been measured so far , so that their relative effect upon the total stress remains still unknown (Lopez and Garcia 1997 ). If we assume that the flow is steady and fully-developed, then the averaged momentum equation is given by
•¬ (7) Integrating Eq. (7) over the depth results in the momentum quation which will be introduced in the following section. A similar derivation of the momentum equation using scheme II is given in Shimizu and Tsujimoto (1994) .
Governing equations
For open-channel flows over a vegetated boundary, the width of which is wide enough that the transverse velocity can be ignored, the continuity and momentum equations are, respectively, given by
•¬ (9) where ri is the bed elevation from a certain datum, v is the eddy viscosity, and fd and Zb denote the drag force and bottom shear stress, respectively. As stated, the momentum equation is directly derived by integrating Eq. (7). In Eq.
(9), the drag force is given by fd=1/2 CDahpu'2 (10) where hp is the vegetation height and u' is the mean velocity within the vegetation layer. By introducing the parameter (a) denoting the ratio of the mean velocity within the vegetation layer to the mean velocity over the entire depth, i .e., the drag force term can be rewritten as
•¬ (11) The value of a can be estimated by the relationship proposed by Stone and Shen (2002) •¬ (18) which were proposed by Rastogi and Rodi (1978) and Tsujimoto (1999) , respectively.
The total sediment load transported by the stream is the sum of suspended load and bedload. The amount of suspended load can be obtained by solving the transport equation for suspended sediment such as •¬ (19) where C is the depth-averaged volume concentration of suspended sediment, a, is Prandtl-Schmidt number for suspended sediment, vs is the terminal fall velocity of sediment, e, is the dimensionless rate of entrainment of bed sediment into suspension, and ro is the shape factor for near-bed sediment concentration. Although Shimizu and Tsujimoto (1997) showed that organized fluctuations at low frequency exist in the vegetated open-channel flow and they affect the suspended sediment concentration, the following relationships based on the equilibrium concentration concept are used in the present computation:
•¬ (20) is seen that the model successfully simulates the decreased bottom shear stress, but with increased total resistance, in the vegetated zone. This is extremely important to the prediction of sediment discharge which would be overestimated otherwise. From the figure, it can be deduced that, at the equilibrium suspension, the near-bed sediment concentration will be decreased due to reduced shear velocity, which in turn decreases suspended sediment load within the vegetated zone. This is also confirmed by the result of sediment concentration in the same figure. In the numerical computation, only the suspended sediment is considered, and the bed elevation change is ignored.
Thickness of vegetation is reflected by vegetation density
(a) in the model. As the vegetation density increases, the total resistance including the roughness and drag increases.
This, in turn, increases water depth. Herein, the impact of vegetation density on water depth is investigated. For comparisons, we use the following relationships proposed by Thompson and Roberson (1976) :
•¬ (25) •¬ (26) where Vw is the flow velocity in the vegetated zone, V is the approach velocity, and s, is the plant spacing. Herein, the mean velocity in the uniform flow region is used for the approach velocity. Eqs. (25) and (26) are obtained from applications of the mathematical model developed by Li and Shen (1973) , and they are verified against the laboratory measurements. Fig. 6 shows the impact of vegetation density on water depth. The computed water depths are compared with water depths estimated by Eqs. (25) and (26) in the figure. It appears that water depth increases as vegetation density increases. Also, it is observed that the computed water depth agrees well with the result by Eqs. (25) and (26). For vegetation density larger than 0.5, it can be said that the water depth by the numerical model is larger It is also interesting to note that the net deposition rate at the rear end does not change seriously as the vegetated zone diminishes. Now, the response of the vegetated zone to a time-dependent discharge is investigated. We assume that the discharge increases from the base flow of q=4m2/s at 1 hr to the peak flow of q=8m2/s at 7 hour, and it decreases symmetrically.
At the upstream boundary, the relationship by Eq. (20) is used to estimate the sediment concentration at the equilibrium state. The use of the relationship in the unsteady case has been validated in Admiraal et al. (2000) . observed. However, it should be indicated that the armoring of the bed was not considered in the present simulation.
